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Abstract

Purpose—Quantitative imaging methods could improve diagnosis of rotator cuff degeneration,
but the capability of quantitative MR and US imaging parameters to detect alterations in collagen
is unknown. The goal of this study was to assess quantitative MR and US imaging measures for
detecting abnormalities in collagen using an in vitro model of tendinosis with biochemical and
histological correlation.

Method—36 pieces of supraspinatus tendons from 6 cadaveric donors were equally distributed
into 3 groups (2 subjected to different concentrations of collagenase and a control group).
Ultrashort echo time MR and US imaging measures were performed to assess changes at baseline
and after 24 hours of enzymatic digestion. Biochemical and histological measures, including
brightfield, fluorescence, and polarized microscopy, were used to verify the validity of the model
and were compared with quantitative imaging parameters. Correlations between the imaging
parameters and biochemically measured digestion were analyzed.

Results—Among the imaging parameters, macromolecular fraction (MMF), adiabatic T1p, T2*,
and backscatter coefficient (BSC) were useful in differentiating between the extent of degeneration
among the 3 groups. MMF strongly correlated with collagen loss (r=—0.81; 95% confidence
interval [CI]: —0.90,-0.66), while the adiabatic T1p (r=0.66; Cl: 0.42,0.81), T2* (r=0.58; ClI:
0.31,0.76), and BSC (r=0.51; ClI: 0.22,0.72) moderately correlated with collagen loss.

Conclusions—MMF, adiabatic T1p, and T2* measured and US BSC can detect alterations in
collagen. Of the quantitative MR and US imaging measures evaluated, MMF showed the highest
correlation with collagen loss and can be used to assess rotator cuff degeneration.
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Introduction

Rotator cuff tendinopathy is common, but the non-invasive diagnosis of tendinosis and
assessment of tendon quality remains a challenge. Clinical exams demonstrate poor
specificity for tendinosis in part due to their inability to selectively test the cuff tissues [1].
On MR imaging, tendinosis is represented by an increase in signal intensity without
morphologic disruption. However, signal intensity can increase in normal RCTSs as a result
of the magic angle effect [2]. On US imaging, tendinosis is characterized by a
heterogeneous, ill-defined, and hypoechoic area in the tendon without a defect. Due to
subjectivity in analyses of these imaging findings, sensitivity of these modalities for the
diagnosis of tendinosis has been reported to range from 13-79%, with poor interobserver
reliability [3, 4]. Quantitative methods would improve diagnosis and consequently benefit
treatment planning and longitudinal follow-up.

In recent years, improvements in clinical imaging system hardware and signal processing
have facilitated the implementation of quantitative imaging techniques. Promising
quantitative MR imaging techniques include ultrashort echo time (UTE) imaging, which is
well suited for the evaluation of short T2 structures, including RCTs [5]. In particular, the
UTE magnetization transfer technique with two-pool modeling has been shown to be
resistant to the magic angle effect, while maintaining the ability to distinguish between
histologically normal and abnormal tendons [6, 7]. Similarly, acquisition of raw
radiofrequency (RF) US data permits reliable calculation of fundamental ultrasonic
parameters, including backscatter coefficient (BSC), which is sensitive to extracellular
matrix changes [8].

An important consideration of quantitative imaging is the sensitivity of the technique to
fundamental tissue properties, such as structure and composition. In RCT degeneration,
alterations in collagen proportion and property are characteristic [9], but to our knowledge,
the capability of quantitative MR and US imaging parameters to assess these changes is
unknown. The purpose of this study was to assess the capability of quantitative MR and US
imaging measures to detect abnormalities in collagen using an /n vitro model of tendinosis
with biochemical and histological correlation.

Materials and Methods

Study Design

36 supraspinatus tendon samples were prepared from 6 specimens (mean age 52.8 years;
range 36—64 years). Samples were equally distributed into three groups: (1) digestion with
600U collagenase, (2) digestion with 150U collagenase, and (3) undigested controls. 100 pl
of solution of different concentrations (600U or 150U total) of collagenase type VII (C0773,
Sigma-Aldrich Co., St. Louis, MO, USA) in 20 mM calcium acetate and 100 mM Tris, or
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vehicle control, were applied. The solution was applied on all sides of the sample, and
samples were then vacuum sealed in small pouches for immediate MR and US scanning to
establish baseline. After the MR and US scans, samples in the syringes were incubated at
37°C for 24 hours and imaging was repeated, followed by biochemical and histological
testing. The experimental design is described in Figure 1.

MR Imaging Protocol

Using a clinical 3T scanner (MR750, GE Healthcare, Milwaukee, WI) and a homemade
birdcage coil, a 3D UTE sequence was used (Figure 2a) with a cones readout (Figure 2b)
[10]. The 3D UTE-Cones sequences included: 1) actual flip angle imaging and variable flip
angle-based (AFI-VFA) T1 relaxation time (Figures 2c and 2d) [11], 2) adiabatic T1p
relaxation time (Figure 2e) [12], 3) magnetization transfer (MT) imaging with two-pool
modeling (Figure 2f) [13], and 4) T2* relaxation time (Figure 2g). Parameters are shown in
Table 1 with total imaging time of 104 minutes. Using MATLAB (MathWorks, Natick, MA,
USA), a region of interest (ROI) was drawn over the entire sample on the middle slice. Then,
T1, adiabatic T1p, macromolecular fraction (MMF), and T2* were calculated and
parametric maps were generated.

Ultrasound Imaging

Using a clinical scanner (VevoMD, FUJIFILM, Toronto, Canada) and an 18 MHz transducer
(UHF22) B-mode images and RF data were acquired with ROIs drawn similar to the MR
images. Attenuation coefficient (AC) and backscatter coefficient (BSC) were calculated as
previously described using a reference phantom technique [8, 14]. The Nakagami parameter
was estimated using the maximum likelihood estimator [15]. All quantitate US parameters
were calculated for subregions of 15 wavelengths at 18 MHz. Parametric maps were also
generated.

Biochemical Analyses

After all MR and US imaging was completed, one half of each sample was ground and
washed in distilled water to fully dissolve the digested collagen fragments into solution.
Suspensions were then centrifuged and hydroxyproline was quantified using an assay kit
(K555-100, BioVision, Milpitas, CA) and spectrophotometer (SpectraMax 340PC,
Molecular Devices, Menlo Park, CA). The biochemistry analysis was duplicated and
averaged for each sample and digested collagen was defined as:

HYP /(HYP + HYP

supernatent supernatent sed imemation) x 100%

Histology and Analyses

The other half of each tissue sample was fixed, paraffin-embedded, sectioned, and stained
with hematoxylin and eosin (H&E), picrosirius red, and Col-F (ImmunoChemistry
Technologies, Bloomington, MN), which has an affinity for collagen and elastin. Image
quantification was performed with ImageJ (Fiji, National Institutes of Health, Bethesda,
MD). Fluorescence was defined as the mean signal intensity of the pixels with a gray scale
threshold larger than 10 (range 0-255) in an ROI avoiding the tissue fissures. Optical
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retardation (I") was measured on samples stained with picrosirius red using a quantitative
polarized light microscope system (OpenPolScope, Marine Biological Laboratory, Woods
Hole, MA) [16]. Four randomly selected ROIs from the center and peripheral portions of the
section were measured by a histotechnician, who was blinded to the MRI and US results.

Statistical Analyses

Results

The Shapiro-Wilk test was used to assess normality. Quantitative MR and US measures at
baseline and after treatment were compared using paired student’s t-tests. To account for
baseline tendon differences, all endpoint imaging measures were normalized (Valuegngpoint/
Valuepaseline)- Pearson’s correlations between the normalized parameters and biochemical
results were performed. One-way ANOVA was used for comparison of measures with
Tukey’s post-hoc test. P<0.05 was considered statistically significant. Statistical analyses
were performed with SPSS (v19.0, SPSS Inc., Chicago, IL).

Sample Preparation

All tendons were intact at the time of dissection without gross abnormality. Tendon
morphology was comparable between baseline and post-incubation images, indicating that
the use of high concentration collagenase in conjunction with a vacuum-sealing approach
successfully minimized total water changes.

UTE-MR Imaging Measurements

Longitudinal relaxation time—Excellent T1 fitting was achieved by using the AFI-VFA
method. Quantitative biomarker measurements and normalized values are listed in Table 2
and Table 3. Representative T1 parametric maps are displayed in Figure 3a. Compared with
baseline, the T1 values of the 600U (p=0.002) and 150U (p=0.033) samples were
significantly increased after digestion, most notably at the peripheral regions, as noted on the
parametric maps. No significant changes in T1 values were noted in the control samples
after incubation. Similarly, no significant differences were found between normalized T1
values among the three groups.

Spin-lock relaxation time—Well-fitted signal decay curves and adiabatic T1p maps are
shown in a representative sample in Figure 3b. The adiabatic T1p values of the sample after
600U of collagenase digestion were significantly increased (p<0.001). As evident on the
adiabatic T1p map of the sample digested in 600U of collagenase, the dramatic color change
at the periphery compared with the moderate color change in the center indicates a depth-
dependent response. The adiabatic T1p value of the sample after 150U of collagenase
digestion also increased significantly (p<0.001), but with a moderate degree of change, again
with the most notable color change at the periphery of the sample. There was no significant
change in the adiabatic T1p values of the control samples, with stable parametric maps at
baseline and after 24 hours of incubation. The normalized adiabatic T1p values were
significantly different among the three groups (p<0.001), and significant differences were
observed between each of the groups on post-hoc pairwise comparisons.
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Macromolecular fraction—Excellent MT modeling curve fitting and MMF maps are
shown in a representative sample in Figure 3c. The MMF of the 600U group significantly
decreased from 12.5%=2.2 to 9.0%=2.4 (p<0.001) and the MMF of the 150U group
significantly decreased from 13.7%=1.5 to 11.5%z=1.2 (p<0.001), indicating loss of collagen
protons as a result of collagenase digestion. Similar to the pattern on adiabatic T1p pixel
maps, MMF pixel maps demonstrated a depth-dependent gradient of values after digestion.
The samples subject to 600U of collagenase digestion experienced sufficient penetration to
result in a decrease in MMF in the center, but there was still more digestion in the peripheral
portions. Findings were also confirmed by the H&E histology results (Figure 4a). For the
samples subject to 150U of collagenase digestion, the MMF reduction primarily occurred in
the periphery, while the center was largely unaffected. Again, these findings were consistent
with the histological observations of disorganized collagen fascicles at the periphery versus
intact fascicles located at the center (Figure 4b). Again, the control samples did not show
any notable changes on the parametric maps at baseline nor after incubation, and intact
collagen fascicles were seen throughout the sample (Figure 4c). The normalized MMF
values were significantly different among the three groups (p<0.001), and the significant
differences were observed between each of the groups on post-hoc pairwise comparisons.

Transverse relaxation time—The well-fitted signal decay curves and T2* maps are
shown in a representative sample in Figure 3d. T2* values significantly increased after
digestion (p=0.007, p<0.001), whereas no significant changes in the control samples were
noted. T2* maps demonstrated similar, albeit less obvious, patterns to adiabatic T1p and
MMF. A significant difference was found between normalized T2* values for the group
subject to 600U of collagenase compared with controls (p<0.001).

Ultrasound Imaging

Representative US parametric maps are shown in Figure 5, and the original measurements
and normalized values are listed in Table 2 and Table 3. The BSC values decreased
significantly after digestion with 600U and 150U collagenase (p<0.001, p=0.001). The BSC
maps also demonstrated a pattern of gradual color change from the periphery to the center of
the sample after digestion, while the control pattern was consistent throughout the
experiment. The 600U and control groups could be differentiated by normalized BSC
(p=0.011). There were no significant changes in AC and Nakagami values after digestion,
nor did the normalized values of these two parameters show any significant differences
among the different treatment groups.

Biochemistry

Biochemical analyses confirmed the efficiency of the RCT digestion model. 58.7% of
collagen was digested using 600U of collagenase; 45.9% of collagen was digested using
150U of collagenase; and 13.5% of collagen was digested in the control group, likely due to
endogenous collagenase. Significant differences in percentages of digestion were found
among the three groups (Table 4). Correlations between the normalized parameters and the
percentages of digestion are shown on Figure 6. The MMF strongly correlated with collagen
loss (r=—0.81; 95% confidence interval [CI]: —0.90, —0.66), while the adiabatic T1p (r=0.66;
Cl: 0.42,0.81), T2* (r=0.58; CI: 0.31, 0.76), and BSC (r=0.51; CI: 0.22, 0.72) moderately
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correlated with collagen loss. Correlations for the other parameters did not reach
significance.

Representative Col-F and PLM images are shown in Figure 7, and their quantifications are
listed in Table 4. In general, the fluorescence of Col-F was weak and retardation under PLM
was low on the periphery of the digested samples. Relatively strong fluorescence and high
retardation were demonstrated in the centers of the digested samples and throughout the
control samples. In general, the morphology of the collagen bundles as demonstrated with
Col-F and PLM was similar to that shown using the H&E stain at different spatial locations
and with different treatments.

Discussion

In this study, we used an /7 vitro model of tendon degeneration to assess the capability of
quantitative MR and US imaging techniques for determining collagen degradation. /n vitro
models of degeneration using collagenase have been used before on tendons [17] and
cartilage [18, 19], but unlike previous models which immersed their samples in solutions, we
sought to minimize changes in water by utilizing a minimum amount of solution (100 pl)
and vacuum-sealing our samples. The success of our model was confirmed with biochemical
(hydroxyproline) and multiple histological assays, including brightfield (H&E), fluorescence
(Col-F), and quantitative PLM. Similar to other groups, we noted a depth-dependent
response with greater effect of tendon degeneration at the superficial portions [19]. This is
due to the large size of the collagenase molecule (68,000-125,000 daltons), which limits
penetration into the tendon substance. We applied collagenase to the surface, where the
enzyme begins to cleave fibrillar collagen, degrading the extracellular matrix and loosening
the collagen network. Over time, the looser network allows the collagenase molecule to
increase its penetration and the reduced collagen strain uncovers additional cleavage sites
that were previously sequestered [20]. The action of enzymatic degradation in collagen-rich
tissues such as tendon and cartilage has been described as a “wavefront” [21].

We found that both quantitative MR and US imaging measures can be used to assess
collagen degradation. In particular, the MMF generated with the 3D UTE-Cones-MT
sequence showed the strongest correlations with collagen loss (r=-0.81). This complements
the results from Zhu et al. that showed how MMF was useful for distinguishing between
histologic grades of mild and severe tendinopathy [7]. One unique advantage of MT
sequences is the insensitivity to the magic angle effect [6, 7], which makes it quite promising
for evaluation of the RCT. Our results also demonstrated a moderate correlation of adiabatic
T1p, measured with the 3D UTE-Cones-adiabatic T1p sequence, with collagen degradation
(r=0.66). Although T1p is most commonly used to assess changes in proteoglycan content,
our results support the findings from previous authors that T1p imaging lacks inherent tissue
specificity [22]. However, T1p may remain sensitive to biologically meaningful changes. A
moderate correlation of T2* with collagen degradation was also found (r=0.58). Previous
authors have also measured the transverse relaxation times in RCT, including T2 [7, 23, 24]
and T2* [23]. Of note, a major limitation of both T2 and T2* is their sensitivity to the magic
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angle effect [25], which is particularly problematic for highly anisotropic tissues such as
tendon. It is known that RCTs can demonstrate a 6-fold change in signal intensity [26] and a
300% change in T2 value [7] based purely on differences in orientation relative to the main
magnetic field. As a result, the large range of transverse relaxation measurements diminishes
clinical utility on an individual level [27].

Quantitative US measurements are considered efficient and reliable methods of tissue
characterization [14]. Utilization of raw RF data is preferred since scanner-independent
measurements can be generated, such as BSC. Recently, Byra et al. found that BSC
demonstrated a correlation coefficient of —0.68 with histological quantification of collagen
and myelin in human peripheral nerves [8]. In their study, AC and Nakagami parameter did
not correlate well with histology findings. Similar to that study, we found a moderate
correlation of BSC (r=0.51) and no significant correlation between AC or Nakagami
parameter with collagen degradation in RCT.

From the clinical perspective, a noninvasive way to quantify tendon quality could potentially
have a large impact on clinical practice. Tendon quality is currently assessed intraoperatively
due to the shortcomings of routine clinical MR and US imaging. Multiple studies have
shown that intraoperative determination of lower tendon quality increases surgical
complexity and is a poor prognostic factor after rotator cuff repair [20, 21]. We envision that
quantitative imaging techniques may be performed on select patients for whom surgery is
being considered, for aiding in decision-making and surgical planning. For instance,
knowledge of exceptionally poor tendon quality pre-operatively may allow the surgeon who
is planning for rotator cuff repair to ensure a particular graft is available on-hand during the
procedure [28]. However, for clinical translation, it is imperative that imaging times be as
short as possible. We note that MR imaging parameters used in this study were not
optimized for the /n vivo condition since our study focused on cadaveric specimens.
However, feasibility of translation of the MR sequences employed in this study has been
previously demonstrated [7, 11, 12] and can be further optimized using advanced
acceleration techniques such as parallel imaging or compressed sensing reconstruction. The
tradeoff between speed and accuracy of quantification remains to be studied and will be a
focus of our future studies.

Limitations include use of cadaveric tendon samples at room temperature. The absolute
values of our results may therefore differ from the /n vivo condition since many relaxation
times, including T1, are temperature-dependent [29]. Changes in T1 also influence MT
modeling and adiabatic T1p values. Additionally, tendinosis is represented by several other
changes in addition to alterations in collagen, including cellular changes, glycosaminoglycan
infiltration, and an increase in water and vascularity [30, 31]. We believe that controlled
experiments are a necessary component of biomarker validation and understanding. Finally,
analyses for the MR and US images included a global ROI over the whole tendon rather than
subdividing into peripheral and central portions since we wished to maintain blinded
analyses between modalities.
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In conclusion, we found that MMF, adiabatic T1p, and T2* measured using 3D UTE-Cones
MR sequences and US BSC could detect alterations in collagen using an /n vitro model of
tendinosis.
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Highlights

. Controlled rotator cuff degeneration can be simulated /n vitro using
collagenase.

. Both quantitative MRI and US can quantify the extent of rotator cuff
degeneration.

. MRI-derived macromolecular fraction shows the highest correlation with
collagen loss.
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Figure 1:
Study design. Supraspinatus tendon samples were harvested from cadaveric shoulder

specimens, treated with different concentrations of collagenase, and vacuum-sealed. MR and
US imaging were performed at baseline and again after 24 hours of incubation, followed by
biochemical and histological analysis.
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Figure 2.

UTE imaging. a) In the standard 3D UTE-Cones sequences, a short rectangular pulse is used
for excitation followed by spiral sampling. b) Spiral trajectories are arranged with conical
view ordering. c) The 3D UTE-Cones AFI sequence employs a pair of interleaved TRs
(a=actual flip angle) for accurate B1 mapping, which followed by the VFA method with a
single TR (8 is the nominal flip angle) provides accurate T1 measurements (d). €) The 3D
adiabatic T1p UTE-Cones sequence used a train of AFP pulses, followed by 3D UTE-Cones
acquisition. f) A Fermi pulse is used for MT preparation followed by 3D UTE-Cones
acquisition. g) Dual-echo 3D UTE-Cones imaging consists of two 3D spiral samplings with
two different TEs.
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Figure 3:
Supraspinatus tendon sample from a 48-year-old male donor. Representative morphologic

UTE images and parametric maps at baseline and after 24 hours of incubation with different
conditions are shown, as are the fitting curves for the parameters. a) After treatment, T1
values of the 3 groups only slightly changed, as shown by small differences in color mainly
at the periphery of the samples. b) Adiabatic T1p values increased more for the 600U
collagenase group than for the 150U collagenase group, while adiabatic T1p values of the
control group were unchanged. ¢) Macromolecular fraction (MMF) maps showed drastically
reduced values throughout the whole sample after digestion with 600U of collagenase,
decreases only at the periphery of the sample after digestion with 150U of collagenase, and
no appreciable change in the control group. d) T2* values increased throughout the entire
sample in the 600U group and at the periphery of the sample in the 150U group, while the
control group showed no apparent change.
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Figure 4:
Post-incubation MMF maps with photomicrograph correlation after hematoxylin and eosin

staining from the same donor as shown in Figure 2. Magnifications of the periphery and
center of the samples are shown in the dashed and solid ROIs, respectively. a) Low MMF in
the 600U digested sample correlated with H&E stain, which showed separated and
disorganized collagen fascicles both in the periphery and center of the sample. b) The
peripheral portion of the 150U digested sample demonstrated low MMF, which correlated
with disorganized collagen fascicles. Collagen fascicles were intact in the central portion. ¢)
Control sample with high MMF correlated with intact collagen fascicles throughout the
entire tendon.
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Baseline 24h Incubation

Baseline 24h Incubation
- -
3 '_‘_‘

s
i

Nakagami map

Representative B-mode images and quantitative US parametric maps for the same donor as
shown in Figure 2. a) Echogenicity of RCT samples was reduced after digestion with 600U
and 150U of collagenase. b) Attenuation coefficient (AC) pixel maps showed no appreciable
difference between baseline and after 24h of incubation. c) Backscatter coefficient (BSC)
pixel maps showed that the most obvious change after incubation was in the sample
incubated with 600U of collagenase enzyme. d) Nakagami pixel maps showed no clear

difference or trend after digestion.
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Figure 6:

Significant positive correlations were observed between normalized adiabatic T1p,
normalized T2*, normalized BSC, and tendon digestion percentage. Significant negative

correlations were observed between normalized MMF and tendon digestion percentage. No
significant correlations were seen between the other imaging biomarkers and tendon

digestion percentage.
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Figure 7:
Col-F staining and quantitative PLM results among the 3 digestion groups from the same

donor as shown in Figure 2. a) Weak Col-F fluorescence is shown in the periphery of the
600U and 150U collagenase digested samples, while relatively strong fluorescence was
present in the center of all the samples. Notably, the control sample had strong fluorescence
at both the peripheral and central portions. b) Low retardation was observed in the periphery
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of the 600U and 150U samples, while relatively high retardation was observed in the centers
of the digested samples and throughout the control samples.
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Table 1:

Quantitative MRI Sequences and Parameters

Sequence Sequence Parameters
AFI: FOV = 4x4x4.5 cm?3, ST = 1.6 mm, matrix = 192 x 192 x 28, TR;/TR, = 20/100 ms, TE = 0.032 ms, FA = 45°, BW =
AFI-VFA T1 86.6 kHz, total time = 5 minutes
VFA: FOV = 4x4x4.5 cm3; ST = 1.6 mm; matrix = 192 x 192 x 28; TR = 20 msl; TE = 0.032 ms; FA = 5°, 10°, 20°, and 30°;
BW = 86.6 kHz, NEX=1, total time = 5 minutes
Adiabatic Adiabatic pulse: hyperbolic secant type 1 pulse with a duration of 6.048 ms, BW of 1.643 kHz and maximum B1 amplitude of
T1 17 uT; FOV = 4x4x4.5 cm3; ST = 1.6 mm; matrix = 192 x 192 x 28; TR = 500 ms; TE = 0.032 ms; FA = 10°; TSL = 6, 12, 24,
P 36, 48, 72, and 96 ms; BW = 86.6 kHz, NEX =1, total time = 17.5 minutes
FOV = 4x4x4.5 cm3; ST = 1.6 mm; matrix = 192 x 192 x 28; TR = 102 ms; TE = 0.032 ms; FA = 7°; MT pulse powers of
MT saturation (FA = 400°, 600°, and 800°); MT offset frequency = 2, 5, 10, 20, and 50 kHz; BW = 86.6 kHz, NEX =1, total time =
22 minutes
Tox FOV = 4x4x4.5 cm3; ST = 1.6 mm; matrix = 192 x 192 x 28; TR = 50 ms; TE = 0.032, 0.2, 0.4, 0.6, 0.8, 2.2, 4.4, 5.5, 6.6, 8.8,

11, 13, 15, and 22 ms; FA = 10°; BW = 86.6 kHz, NEX =1, total time = 44 minutes

AFI-VFA T1 = actual flip angle and variable flip angle-based T1, MT = magnetic transfer, FOV = field of view, ST = slice thickness, TR = time-to-
repetition, TE = time-to-echo, FA = flip angle, BW = bandwidth, NEX=number of excitations, TSL = time-to-spin lock
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UTE-MRI and US Measurements at Baseline and after 24 Hours of Incubation

Table 2:

Page 21

600 U (n=12) 150U (n =12) Control (n =12)

Parameter Baseline 24h P value Baseline 24h P value Baseline 24h P value

Incubation Incubation Incubation

UTE-MRI

T1 (ms) 7793 847.3 ooo21* | 707.25 746.4 0.0329% 744.3 7575 0.1173
+135.7 +150.2 +117.7 +119.7 +127.6 +123.9

Tlp (ms) 41.2 53.1+14.0 0.00047‘ 36.7 41.7%+6.9 0.00027‘ 40+6.4 40.2 +6.0 0.7104
+9.1 +54

MMF (%) 125 9.0+24 71 13.7 115+1.2 71 13.1 13.0+14 0.5591
+22 0.000008 +15 0.0000001 F17

T2* (ms) }r0481 16.5+8.0 0007’ | 8926 | 11523 000004’ | 90%27 | 95229 0.0227*

us

AC (dB/ 2.56 2.56 £0.96 0.9923 2.56 2.78 £0.85 0.1149 2.55 2.84 £0.88 0.1089

cmMHz) +0.95 +0.86 +0.63

BSC (dB) -12.46 -17.51 7 -14.53 -18.85 7 -14.26 -14.66 0.6183
+4.48 +557 0.00001" | 498 +4.94 0.0015 +4.97 +4.7

Nakagami 0.74 0.76 £0.1 0.2940 0.78 0.76 £ 0.09 0.3152 0.7.0.05 0.72 £0.08 0.3071
+0.09 +0.1

Note — Data presented in means + standard deviation. P compares the values of the biomarkers before and after digestion.

*
indicates a significant difference compared with baseline (p<0.05).

findicates a significant difference compared with baseline (p< 0.005).

UTE-MRI = ultrashort echo time MRI. MMF = macromolecular fraction. AC = attenuation coefficient. BSC = backscatter coefficient.
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Table 3:

Comparison of Normalized UTE-MRI and US Biomarkers among Different Treatment Groups

Page 22

Normalized 600U (n= 150U (n= Control (n = ANOVA p Post Hoc Test p Value
Parameter 12) 12) 12 Value
600 U vs 150 U vs 600 U vs
Control Control 150 U
UTE-MRI
Normalized T1 1.09 +0.08 1.06 +0.08 1.02+0.04 0.0715 0.0581 0.3818 0.5562
Normalized T1p 1.3+0.18 1.14 +0.08 1.01+£0.05 0.000007 s 0.000004 7 0.0328™* 0.0073%
l’:lﬂ?\sln;allzed 0.71+£0.13 0.84 £0.04 0.99 £ 0.06 0_000000027‘ 0_000000017‘ 0.0002 s 0.0034 t
1 *
Normalized T2 1.56 +0.48 1.33+0.19 1.06 +0.06 0.0011 t ~0.0007 f 0.0852 0.1565
us
Normalized AC 1.01+0.2 1.1+0.18 1.12+0.22 0.4056 0.4170 0.9706 0.5538
Normalized BSC 151+041 1.36 +0.39 1.06 +0.24 0.0129 * 0.0108* 0.1105 0.5693
Normalized 1.03+0.08 0.98 £ 0.08 1.02+0.08 0.2599 0.9998 0.3317 0.3227
Nakagami

Note — Data presented in means + standard deviation.

indicates a significant difference compared with baseline (p<0.05).

findicates a significant difference compared with baseline (p< 0.005).

UTE-MRI = ultrashort echo time MRI. MMF = macromolecular fraction. AC = attenuation coefficient. BSC = backscatter coefficient.
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Table 4:

Comparison of Biochemistry and Histology Results Different Treatment Groups

Page 23

Biomarker 600U (n= 150U (n= Control (n= ANOVA p p Value of Post Hoc Test
12) 12) 12 Value
600U vs 150U vs 600U vs
Control Control 150U
Digested 58.7+8.1 459+6.3 135+7.7 A A 7 s
Percentage (%) 8E-16 5E-9 5E-9 0.0005
Peripheral 104.2+39.3 127.7+42.6 145.3+31 0.0395 % 0.0311% 0.5117 0.3077
Fluorescence
Peripheral 11.6+£5.2 109+43 158+5.1 0.0059 * 0.0222 * 0.0097 * 0.9246
Retardation (nm/
pm?)

Note — Data in means + standard deviation.

*

indicates a significant difference (p < 0.05).

findicates a significant difference (p< 0.005).

Whenever the ANOVA indicated a significant difference, the Tukey’s test was used to perform a post-hoc pairwise comparison of group means
(significance level p=0.05).
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